We estimate the average radio-AGN (mechanical) power deposited into the hot atmospheres of galaxy clusters over more than three quarters of the age of the Universe. Our sample was drawn from eight major X-ray cluster surveys, and includes 685 clusters in the redshift range 0.1 < z < 0.6 that overlap the area covered by the NVSS. The radio-AGN mechanical power was estimated from the radio luminosity of central NVSS sources, using the relation of Cavagnolo et al. (2010) that is based on mechanical powers determined from the enthalpies of X-ray cavities. We find only a weak correlation between radio luminosity and cluster X-ray luminosity, although the most powerful radio sources resides in luminous clusters. The average AGN mechanical power of 3 × 10 44 erg s −1 exceeds the X-ray luminosity of 44% of the clusters, indicating that the accumulation of radio-AGN energy is significant in these clusters. Integrating the AGN mechanical power to redshift z = 2.0, using simple models for its evolution and disregarding the hierarchical growth of clusters, we find that the AGN energy accumulated per particle in low luminosity X-ray clusters exceeds 1 keV per particle. This result represents a conservative lower limit to the accumulated thermal energy. The estimate is comparable to the level of energy needed to "preheat" clusters, indicating that continual outbursts from radio-AGN are a significant source of gas energy in hot atmospheres. Assuming an average mass conversion efficiency of η = 0.1, our result implies that the supermassive black holes that released this energy did so by accreting an average of ∼ 10 9 M ⊙ over time, which is comparable to the level of growth expected during the quasar era.
INTRODUCTION
Models for the formation and evolution of cosmic structure generally invoke some heating mechanism to prevent catastrophic gas cooling and excessive star formation in massive galaxies (e.g., Sijacki & Springel 2006) . In galaxy clusters, the same mechanism may generate the excess entropy responsible for deviations from the self-similar scaling relations expected otherwise (e.g., Markevitch 1998) . For example, the L X -T relation for galaxy groups is steeper (L X ∝ T 2.6 ; Markevitch 1998) than for clusters (L X ∝ T 2 ; Kaiser 1986; Arnaud & Evrard 1999) . Excess entropy is also revealed by flatter core entropy profiles in galaxy groups than in massive clusters (e.g., Voit & Donahue 2005) . Furthermore, in cooling core clusters, the heating rate needs to be related to the high rate of radiative cooling that was previously thought to cause cooling flows (Fabian 1994) . The heating cannot be too effective, since cooling cores are found in a large fraction of local X-ray clusters (e.g., Mittal et al. 2009; Hudson et al. 2010; Santos et al. 2010 ), but it must be sufficient to explain the scarcity of cooling gas that would be expected to accompany strong cooling flows (e.g., Peterson et al. 2003) .
One of the most promising sources of this non-gravitational energy is active galaxy nuclei (AGN; e.g., McNamara et al. 2000) . The questions remain of when, how and and how much AGN energy is distributed into their environments (e.g., Short et al. 2012; Young et al. 2011 ). The preheating model (Evrard & Henry 1991; Kaiser 1991) proposes that energy injected into the intergalactic medium at high redshifts explains the observed departures from self-similar scaling relations. Wu et al. (2000) found that the minimum excess energy required to break self-similarity is ≃ 1 keV/particle. At high redshifts, many AGN are in the radiatively efficient "quasar" mode (Croton et al. 2006) , when high AGN accretion rates are promoted by the high galaxy merger rate. Although most of the energy output of these AGN is radiated away, quasars are so powerful that only a small fraction of this energy is required to produce the excess entropy in hot atmospheres. By contrast, there are far fewer quasars at lower redshifts, but X-ray observations have revealed that AGN in "radio mode" deposit significant amounts of energy into their hot atmospheres. The total energy output of AGN in radio mode is generally less than in quasar mode. Nevertheless, a large proportion of this emerges as mechanical energy in jets and simulations suggest that the radio mode feedback is necessary, in addition to the preheating, to suppress cooling flows in clusters and star formations in galaxies (e.g., Bower et al. 2006; Croton et al. 2006; Sijacki et al. 2007 ). Radio AGN hosted by cluster central galaxies in the local Universe have been shown to deposit enough power to prevent rapid cooling and star formation in the centers of many clusters (e.g., Bîrzan et al. 2004; Best et al. 2007) . Supported by the correlation between radiative cooling rates in clusters and the radio power of the central AGN (e.g., Rafferty et al. 2006; Dunn & Fabian 2006) , the power output of the AGN is believed to be coupled to the cooling rate of the hot gas in a feedback loop . Nevertheless, some powerful AGN apparently reside in non-cooling core clusters (e.g., Sun et al. 2007) . Although these systems lack large scale cooling flows, accretion from small coronae around their AGN can support powerful radio sources (e.g., Hardcastle et al. 2007) . Radio AGN in the non-cooling core clusters have been shown to contribute significantly to the excess entropy of less massive clusters (e.g., Best et al. 2007; Giodini et al. 2010; Ma et al. 2011, MMN11 hereafter) .
In this paper, we focus on estimating the average mechanical power output of radio AGN in clusters out to z ≃ 0.6, corresponding to a look-back time of about 5.7 Gyr. At these redshifts, it is difficult to estimate directly from Xray images the amount of energy deposited by AGN in the intracluster medium (ICM). The only systematic search for X-ray cavities at these redshifts was undertaken recently by Hlavacek-Larrondo et al. (2012a) . They concentrated on identifying cavities in the most luminous, and bright cooling core clusters and so could not quantify the average AGN output of clusters overall, which requires a survey of clusters with and without cavities. The question of how much energy AGN contribute to the ICM at higher redshifts is significant because AGN activity increases with redshift (e.g., Martini et al. 2009 ). Hart et al. (2011) suggest that the power injected into clusters by radio AGN at redshift 1.2 is substantial, a factor of 10 greater than injected locally. In addition, the fraction of cooling core clusters appears to evolve with redshift, so that many fewer large cooling cores are found beyond z ∼ 0.3 (e.g., Santos et al. 2010; Samuele et al. 2011 ; but see Santos et al. 2012) . If jet power is coupled to cooling power by a feedback loop, this suggests that the mean jet power in high-redshift clusters should be reduced.
In MMN11, we estimated the average mechanical energy deposited by radio AGN in galaxy clusters using the clusters in the 400 Square Degree Cluster Survey (400SD, 0.1 < z < 0.6; Burenin et al. 2007 ) and the radio sources in the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) to show that the AGN feedback in radio mode could also contribute significantly to the energy budget of clusters and groups. We found that 30% of the clusters showed radio emission within a projected radius of 250 kpc and above a flux threshold of 3 mJy, despite the declining numbers of cooling core clusters in the 400SD (Santos et al. 2010; Samuele et al. 2011 , see also McNamara & Nulsen 2012 Mann & Ebeling 2012) . The average jet power of the central radio AGN is approximately 2×10 44 erg s −1 . Assuming that the current AGN input power remains constant to redshifts of 2, the energy input per particle would be at least 0.4 keV within R 500 . In addition, we found no significant correlation between the radio power, i.e., the mechanical jet power, and the X-ray luminosities of clusters in the redshift range 0.1 -0.6. This implies that the mechanical jet power per particle is higher in clusters with lower masses. However, within this single flux-limited cluster survey, the X-ray luminous clusters are also the clusters with the highest redshifts. Thus, we could not distinguish redshift evolution from luminosity dependence for AGN feedback. In the present study, we try to break this degeneracy using a composite sample from eight X-ray cluster surveys.
The method used to estimate jet mechanical powers from the radio powers of cluster central galaxies is reviewed in §2. The composite cluster sample is introduced in §3. In §4, we examine the correlation between the power of a radio galaxy and the X-ray luminosity of its host cluster. §5 gives estimates for fractions of clusters with a central NVSS source and average radio powers as functions of redshift and X-ray luminosity. The evolution of cluster radio power is discussed in §6. The energy per particle deposited in groups and clusters since redshift 2 is estimated in §7. §8 contains some discussion of the calculation of average AGN jet power and §9 is the summary. We adopt a ΛCDM cosmology with h 0 = 0.7, Ω Λ = 0.7, and Ω m = 0.3.
AGN FEEDBACK: MECHANICAL POWERS OF JETS
X-ray cavities provide clear evidence of the interaction between AGN jets and the hot atmospheres of clusters. Power from AGN can be distributed into the ICM through several channels (reviewed in , 2012 , e.g., shock fronts (Nulsen et al. 2005a,b) , sound waves ) driven by AGN jets. The minimum energy required to create a cavity can be estimated using simple assumptions. The enthalpy, H, of a cavity is equal to the sum of its thermal energy and the work required to excavate it under constant pressure. As discussed elsewhere (e.g., McNamara & Nulsen 2012) , the cavity enthalpy can only underestimate the total energy deposited by an expanding radio lobe, which might, for example, have experienced significant cosmic ray leakage or large adiabatic losses, particularly by driving strong shocks. Thus, cavity enthalpies provide a lower limit on the energy distributed to the ICM from an AGN jet. If the plasma filling the cavity is predominantly relativistic, the enthalpy is H = 4pV , where p is the pressure and V is the volume of the cavity. Assuming a time scale, τ , to inflate the cavity, the mean power required to inflate the cavity is at least P jet ≃ 4pV /τ , which provides an estimate of the jet power. The time scale, τ , is commonly estimated using the terminal velocity of the buoyantly rising bubbles (e.g., Bîrzan et al. 2004 Bîrzan et al. , 2008 Dunn et al. 2005) . Such measurements of the jet power require deep, high resolution X-ray data to determine the volume and pressure of the cavities, so that the measurements cannot currently be conducted for a large statistical sample. Nevertheless, a correlation between the radio power of the AGN and the jet power was demonstrated by Bîrzan et al. (2004) and improved by Bîrzan et al. (2008) , Cavagnolo et al. (2010), and O'Sullivan et al. (2011) . Using this correlation, we can estimate the minimum power necessary to inflate radio lobes from the radio power of the central AGN. This procedure provides a practical means to estimate the energy deposited by radio AGN in a sample large enough for a statistically meaningful analysis.
In this work, we estimated jet powers using the P 1.4 -P jet scaling relation of Cavagnolo et al. (2010) , log P jet = 0.75(±0.14) log P 1.4 + 1.91(±0.18),
where P jet is in units of 10 42 erg s −1 and P 1.4 is the radio power at 1.4 GHz in units of 10 40 erg s −1 . The scatter in the correlation between jet power and radio luminosity is σ 1.4 = 0.78 dex. Although measurement errors contribute to this scatter, it is dominated by intrinsic variations in radio source properties (Bîrzan et al. 2008) . The relationship in Equation (1) is determined over 7 decades in P 1.4 (10 37 -10 44 erg s −1 ), for systems ranging from the nuclear radio sources of Brightest Cluster Galaxies (BCGs) in cooling core clusters with L X up to 10 45 erg s −1 to the low-power radio sources in galaxy groups, with L X of approximately 10 43 erg s −1 . Note that there are only three sources in the sample of Cavagnolo et al. (2010) with P 1.4 > 10 42 erg s
and the relation in Equation (1) may overestimate P jet for them. This is discussed further in §3.2. In contrast to the cavity powers, "beam" powers of radio AGN have been estimated based only on radio data (e.g., O'Dea et al. 2009; Daly et al. 2012; Antognini et al. 2012 , and the references therein). Cavity powers and "beam" powers provide largely complementary means to estimate the AGN jet power, since cavities are mostly associated with FR I radio sources, whereas the beam powers are only measured for FR II radio sources (Fanaroff & Riley 1974) . The two recent papers Daly et al. (2012) and Antognini et al. (2012) discuss the relationship between beam power and radio power for FR II sources. The slopes they find for this relationship (0.84 ± 0.14 in Daly et al. 2012 and 0.95 ± 0.03 in Antognini et al. 2012 ) are steeper than given by Equation (1). Nevertheless, because of the large scatter in these relations, their slopes differ from that of Cavagnolo et al. (2010) in Equation 1 by less than 2σ. As discussed by Antognini et al. (2012) and Daly et al. (2012) , their relations are also consistent with Equation (1) for the range of radio powers where they overlap. The difference reflects the relatively high radio efficiencies of FR II sources. Here, we use Equation (1) to determine jet powers, since radio sources in clusters are mostly the lower powered FR I types. Note that for the low end of their power range, P 1.4 = 10 23 W Hz −1 , the fit of Antognini et al. (2012) would give jet powers almost an order of magnitude lower than Equation 1. Since the enthalpy based estimates of jet power used to obtain Equation 1 are, if anything, low, our approach is only likely to underestimate jet powers. -Bolometric X-ray luminosity versus redshift for clusters in the eight cluster surveys used here. Bolometric X-ray luminosities are derived from 0.5 − 2.0 keV ROSAT PSPC luminosities, assuming the L X -T relation of Markevitch (1998) . Symbols for the cluster surveys are given in the legend. Red symbols denote clusters having an NVSS source projected within 250 kpc of the cluster center. The gray boxes mark the cells used to calculate average jet powers in §7.
THE SAMPLE
To extend the work of MMN11, we have combined eight major X-ray cluster surveys (Figure 1 ): the 400SD (Burenin et al. 2007 ), the 160 deg 2 Survey (160SD; Vikhlinin et al. 1998; Mullis et al. 2003) , the Wide Angle ROSAT Pointed Survey (WARPS; Scharf et al. 1997; Horner et al. 2008) , the MAssive Cluster Survey (MACS; Ebeling et al. 2001 Ebeling et al. , 2007 Ebeling et al. , 2010 Mann & Ebeling 2012) 4 , the Brightest Cluster Survey (BCS; Ebeling et al. 1996 Ebeling et al. , 2000 , the Clusters in the Zone of Avoidance (CIZA; Ebeling et al. 2002; Kocevski et al. 2007) , the Northern ROSAT All-Sky Cluster Survey (NORAS; Böhringer et al. 2000) , and the ROSAT-ESO Flux Limited X-Ray Cluster Survey (REFLEX; Böhringer et al. 2001) . The first three surveys were compiled from serendipitously detected clusters in targeted ROSAT PSPC observations, while the other five cluster surveys are based on the ROSAT All Sky Survey catalogue (RASS; Voges et al. 1999) . Many clusters are recorded in more than one of these surveys. These were identified by having centroid offsets of less than 2 ′ . Most overlapping identifications are between the three serendipitous surveys, or NORAS and BCS. Of the 223 160SD clusters, 101 are included in 400SD, 40 of the 141 WARPS clusters are included in 400SD, and 213 of the 484 NORAS clusters are included in BCS. Redshifts for the overlapping entries are mostly consistent within 10% between catalogs. For the overlapping entries, we used the redshift, centroid, and X-ray luminosity from the highest priority survey. Priority order is as listed above 5 , i.e. 400SD, 160SD, WARPS, MACS, BCS, CIZA, NORAS, and REFLEX. For the overlapping entries, the multiple redshift measurements of 18 clusters are inconsistent, with |∆z/z| > 10%. These clusters were excluded from our sample to ensure the accuracy of our redshifts and cluster identifications, although some measurement inconsistencies seem to have been resolved in the literature (see the summary in Piffaretti et al. 2011) .
To combine the X-ray luminosity measurements from different surveys, we recalculated bolometric X-ray luminosities using the L X − T relation from Markevitch (1998) . The Xray luminosities estimated from different entries for the same cluster were compared to examine the consistency of flux measurements in different surveys. The average difference in luminosity is about 10%. X-ray luminosities are used to estimate the number of particles in the clusters in §7 and so to derive the average AGN energy injected per particle. Because uncertainties in P jet due to the scatter in the scaling relation of Equation (1) dominate in estimates of the average radio jet 5 Of the three serendipitous surveys, the most up to date, 400SD, is ranked ahead of 160SD, while WARPS is ranked last for its smaller sample size and sparser information in the public catalog (Scharf et al. 1997; Horner et al. 2008) . Of the all-sky surveys, the rankings of MACS, CIZA, and REFLEX are insignificant because they have so few overlaps with the other surveys. For the two remaining surveys, BCS and NORAS, the redshifts and X-ray luminosities are comparably reliable. We ranked BCS higher because of our familiarity with the BCS work. power, uncertainties in the X-ray luminosities are not an issue in this study. Collectively, these eight X-ray cluster surveys contain 1032 clusters in the declination range −38
• < δ < 68
• , an area that is well covered by the NVSS. The background source density 6 for the sample is ρ bkg > 35 deg −2 . We focused on clusters in the redshift range 0.1 to 0.6. The upper redshift limit is set by limited sampling and the lower limit is set to avoid the complexity of radio flux measurements for resolved sources. After the redshift cuts, 685 clusters remain in the range of bolometric X-ray luminosities 3 × 10 43 to 15 × 10 45 erg s −1 .
Radio Sources in Clusters
Following the analysis in MMN11, we cross-matched the coordinates of the clusters with radio sources in the NVSS catalogue. For our sample of 685 clusters, 357 have NVSS radio sources above a flux limit of 3 mJy projected within 250 kpc. MMN11 (see also Lin & Mohr 2007; Best et al. 2007) showed that the density of radio sources at the center of the clusters is much higher (∼ 2 Mpc −2 ) than at larger radii (0.3 Mpc −2 ), so the probability that these central sources are not associated with the clusters is small. The total expected number of background contaminated clusters is 25, i.e., 7% of the 357 clusters. There is little to be gained from using a smaller aperture due to the large uncertainties in the cluster coordinates determined from ROSAT data (see MMN11 for a more detailed discussion based on 400SD clusters).
In Table 1 , we show the number of clusters in each survey and the fraction of clusters with radio sources for two redshift ranges, 0.1 < z < 0.3, and 0.3 < z < 0.6. Here, the cluster samples are defined by the same criteria, i.e., declination range and NVSS background density, as the composite sample (see §3), but redundant entries for a cluster in the different surveys are not excluded. For the lower redshift range (column 3), the radio source fractions for the three serendipitous surveys, at ≃ 32%, are consistently lower than those for the five all-sky surveys, which all exceed 55%. For the higher redshift range (column 6), the situation is similar, although the variations between the all-sky surveys are greater due to large statistical errors. These differences between the serendipitous and the all-sky surveys are probably due to the correlation between radio source fraction and the X-ray luminosity of a host cluster, since the clusters in the all-sky surveys are generally more luminous than those in the serendipitous surveys at a given redshift. This correlation is discussed in §5. In order to provide a fair comparison of radio source fractions at different redshifts, f R,hif in column (4) is the fraction of clusters with a central radio source more powerful than P 1.4 = 3.8 × 10 40 erg s −1 , the power cut defined for the high redshift sample. Column (6) gives the same fraction for the higher redshift sample, showing that these fractions are marginally greater for the higher redshift range.
3.2. Cavity Powers Some of our sample clusters were shown to have X-ray cavities by Hlavacek-Larrondo et al. (2012a) and Bîrzan et al. (2008) . Figure 2 shows estimates of jet power, P cav = 4pV /τ buoy , for these, plotted against their radio powers, together with the scaling relation of Equation (1), and the remaining data of Bîrzan et al. (2008) and Cavagnolo et al. (2010) used to establish the scaling relation. The new data (filled green circles) are consistent with the scaling relation and their scatter is similar to that for the data used to establish the scaling relation.
The scaling relation (solid line) may be overestimating P jet for the five powerful radio sources with P 1.4 ≥ 10 42 erg s −1 in Figure 2 (but see Daly et al. 2012, and Antognini et al. 2012) . A similar result is seen in Figure 1 of Cavagnolo et al. (2010) . This departure could arise if a significant fraction of their radio synchrotron power is generated by "hot spots" which are absent from the FR I radio sources that form most of the scaling relation (e.g., 3C295; Harris et al. 2000 , Cygnus A; Wilson et al. 2006 ). This synchrotron flux should be excluded before applying the scaling relation. In some cases (e.g., Forman et al. 2005; Lal et al. 2010 ) shock fronts may also contribute significantly to the power deposited into hot atmospheres. In principle, the energy associated with shock fronts should also be taken into account when the P jet is measured. However, high-quality X-ray data and careful data analysis are necessary to detect shock fronts and to estimate the associated energy, which would be a major undertaking for a large data set. For consistency, values of P cav in Figure 2 were estimated using only the enthalpy and the cavity inflation time.
The number of powerful sources in Figure 2 is too small to place a strong constraint on the slope of the scaling relation at the high end. So it is unclear whether and to what degree we may be overestimating the jet power in these sources. However, this issue is crucial for to making reliable estimates of P jet in §7. If the scaling holds, the mean power output of short-lived but powerful radio sources could rival the level of normal radio-AGN feedback over time. We therefore take two approaches to calculating the mean power. First, we excluded the most powerful radio sources, so that the resulting average cavity power places a lower limit on the true average cavity power. Second, we set P jet for the powerful sources, assuming that the jet power saturates at the constant value of P 1.4 = 2.4 × 10 41 erg s −1 for high radio powers, i.e, P jet (P 1.4 > 2.4 × 10 41 erg s −1 ) = 1.07 × 10 45 erg s −1 (dashed line in Figure 2 ). The saturation level is set to the mean value of log P cav for the 5 most powerful radio sources in Figure 2 . The two approaches are compared in §7.
Cooling Times
Central cooling times for 110 clusters in our sample were estimated using archival Chandra data for the "Archive of Chandra Cluster Entropy Profile Tables" project (ACCEPT; Cavagnolo et al. 2009 ). Briefly, Cavagnolo et al. (2009) fit annular spectra for each cluster to determine the cooling time as a function of the radius, assuming a profile for the cooling time of the form t cool (r) = t c0 + t 100 r 100 kpc
where t c0 and t 100 are constants. The value for the central cooling time, t c0 , is the cooling time t cool used in this paper.
CORRELATION BETWEEN RADIO POWER AND X-RAY

LUMINOSITY
The dependence of the power of a radio source on the Xray luminosity of its hosting cluster is shown in Figure 3 . As found by MMN11, the correlation is weak. The Kendall correlation coefficient for the fluxes is small, at r = 0.16, although it differs from zero at high significance, the probability of getting a value this large by chance being only 1.1 × 10 −4 . The slope of the relationship between the fluxes is d log F NVSS /d log F X,0520 = 0.28 ± 0.05 and between the powers it is d log P 1.4 /d log L X,bol = 0.33 ± 0.05. The surprising agreement between these slopes requires a weak correlation between distance and luminosity for the sample (Figure 1) . Since cluster X-ray luminosity increases with mass, it follows that the radio power of a central AGN in clusters is weakly dependent on the cluster mass.
Confining attention to clusters with cooling times shorter than 1 Gyr, plotted in red in Figure 3 , the Kendall correlation coefficient for the fluxes is r = 0.3, with a probability of 0.04, still significant at the 95% level. For these clusters, d log F NVSS /d log F X,0520 = 0.47 ± 0.50 and d log P 1.4 /d log L X,bol = 0.51 ± 0.30. While there is marginal evidence that the radio power of a central AGN is more strongly dependent on the X-ray luminosity in these clusters, the correlation is weaker than expected from the work of Rafferty et al. (2006) , who found a relationship between jet power and cooling rate in clusters. Several factors may be at work here. First, Rafferty et al. (2006) use cavity powers determined from X-ray data, a fairly diect measure, to estimate jet powers. Using Equation (1) to connect radio powers to jet powers injects significant extra scatter into the relationship between cavity power and cooling power. Second, the dynamic range of X-ray luminosities in Figure 3 is significantly smaller than that of the cooling powers in Rafferty et al. (2006) , tending to bury any correlation in the scatter. Lastly, Rafferty et al. (2006) relate the cavity power to the power radiated within the cooling radius. If feedback is at work, the jet power should only depend on cooling in this region. Although X-ray emission from within the cooling radius can be an appreciable fraction of the total X-ray luminosity of a cluster, the correlation is diluted by X-ray emission from larger radii.
Distribution of Radio Powers for Cluster Central AGN
If AGN feedback prevents cooling and star formation in cluster central galaxies, then a high cooling rate implies a high AGN power; thus, the radio powers of strong cooling core clusters are expected to be greater.
In Figure 4 , we compare distributions of radio power for the central AGN to examine whether the clusters with cooling cores or cavities do have greater radio powers. The red histogram in the upper left panel shows cooling core clusters, with t cool < 1 Gyr from the ACCEPT data (Cavagnolo et al. 2009 ), while the blue histogram on the upper right shows noncooling core clusters, with t cool > 3 Gyr from the ACCEPT data. For comparison, the distribution for the entire cluster sample, selected as discussed in §3, is plotted in gray. The distribution of radio powers in non-cooling core clusters is broad, including some powerful radio sources, although the number of clusters with t cool > 3 Gyr common to our sample and the ACCEPT sample is too small to provide a robust result. Further complicating matters, Rafferty et al. (2008) and Cavagnolo et al. (2008) found that radio AGN and star formation activity at cluster centers associated with cooling flows are triggered when the central cooling time falls below a threshold of t cool ≤ 0.5 Gyr. Our X-ray data are generally unable to detect such a threshold, making the distinction between cooling-flows and non-cooling flows rather uncertain.
For a larger sample of non-or weak-cooling core clusters, radio powers for 400SD and 160SD clusters with z > 0.3 are plotted in the cyan histogram of the lower right panel. The 400SD clusters at high redshifts were found to be dominated by non-or weak-cooling core clusters by Santos et al. (2010) and Samuele et al. (2011) . Clusters in the 160SD and 400SD cluster samples should be similar because these two surveys used much the same selection criteria. To avoid bias due to the higher cut in radio power at higher redshifts, the gray shaded histogram shows all the clusters of our sample with z > 0.3 for comparison. The means of the log of the radio power for these two samples are log P 1.4 = 40.98 ± 0.08 for the 400SD and 160SD clusters and log P 1.4 = 41.07±0.06 for the whole sample, which are consistent with one another, showing no evidence of an offset between the two distributions.
Despite this, the most powerful radio sources in our sample do tend to be associated with cooling cores. The fraction of cooling core clusters with radio sources having P 1.4 > 10 42 erg s −1 is 13 ± 5% (6/45), compared to 10 ± 7% (2/19) for the non-cooling core clusters of the upper right panel and 3 ± 2% (1/36) for the 160SD and 400SD samples in the lower right panel. In summary, radio sources in the cooling core clusters are generally as powerful as those in the non-cooling cores, apart from the most powerful radio sources. On the other hand, we have reliable estimates of the cooling rate for only a small sub-sample, and better coverage of deep and high resolution X-ray data are required for a more robust conclusion.
The green histogram in the lower left panel of Figure 4 shows radio powers for clusters identified with cavities by Hlavacek-Larrondo et al. (2012a) 7 , with clusters from our sample at z > 0.3 for comparison. The clusters with cavities do have slightly greater radio powers (mean log P 1.4 = 41.55 ± 0.22) than clusters in our sample (mean log P 1.4 = 41.07 ± 0.06). Furthermore, the distribution of radio powers for the clusters with cavities has a longer tail at high powers. The fraction of these clusters having a powerful radio source (P 1.4 > 10 42 erg s −1 ) is 30±13% (6/20), compared to 8±3% (8/96) for our sample. . The gray histogram in the two upper panels shows our entire sample, as described in §3, and the filled gray histogram in the lower two panels show clusters in our sample with z > 0.3. The colored histograms are weighted by a factor noted in each panel to make comparisons easier. Biweight means and their 95% confidence ranges are given in the same colors as the corresponding samples.
FRACTION OF CLUSTERS WITH RADIO AGN
MMN11 found that the probability of a more luminous and higher-redshift 400SD cluster hosting an AGN is marginally higher than that for a less luminous and lower-redshift 400SD cluster, at the 1σ level. In their relatively small sample, redshifts and X-ray luminosities are coupled, so that the more luminous clusters also have higher redshifts. With our larger composite sample, we can examine separately how the fraction of clusters matched with NVSS radio sources depends on the X-ray luminosity and redshift, as shown in Figure 5 . For computing radio source fractions here, radio sources are defined as having powers, P 1.4 > 3.8 × 10 40 erg s −1 , corresponding to a radio flux of 2 mJy for a source at z = 0.6. The fraction of clusters having a radio source is computed for each bin defined in Figure 1 . From the figure, the fraction generally increases with both the redshift and the X-ray luminosity of a cluster.
A significant concern is that trends in the radio fraction can be masked by differences between the serendipitous and allsky surveys. For example, for the four redshift bins bounded by z = 0.14, 0.17, 0.23, 0.35, and 0.6, in the luminosity range 3 < L X /10 44 erg s −1 < 10, the fractions of radio sources in the two lower redshift bins, 0.14 < z < 0.23, which are dominated by clusters from the all-sky surveys, are higher than the fractions for the two higher redshift bins, which are dominated by clusters from the serendipitous surveys. This concern is related to the persistent question of whether the serendipitous surveys preferentially select non-cooling core clusters, while the all-sky surveys favor cooling core clusters (cf. Vikhlinin et al. 2006; Eckert et al. 2011) . Under AGN feedback models, cooling core clusters are more likely to host central radio AGN (e.g., Rafferty et al. 2006; Cavagnolo et al. 2008 ). However, even if the serendipitous and all-sky surveys differ, Figure 5 suggests that this does not mask an increasing trend in the radio fraction with redshift and luminosity among the higher-redshift and more luminous clusters. This trend can be seen separately in the blue and green points that are dominated by serendipitous and all-sky surveys, respectively. Figure 6 shows average radio powers per cluster for the bins of Figure 1 . As for Figure 5 , a threshold on the radio power of P 1.4 > 3.8 × 10 40 erg s −1 was used to avoid spurious redshift dependence in the results. The three most powerful radio sources in our sample, 3C 295, Hercules A, and 3C 288, are excluded from the averages, since they are so dominant that they would obscure the underlying trends. Thus, the average radio powers in Figure 6 are lower limits. The distribution of the number of radio sources per cluster, per unit log P 1.4 is
where N src (> P 1.4 ) is the number of radio sources with powers greater than P 1.4 in the cluster population of interest and N cl is the number of clusters in the population. The expected number of background radio sources for each cluster is subtracted from N src and there may be more than one radio source in a cluster. Note that, since the normalization of ϕ gives the mean number of radio sources per cluster it may be greater than unity. The distribution ϕ(P 1.4 ) is plotted in the left panel of Figure 7 for clusters in the four redshift ranges, 0.05 − 0.1 − 0.2 − 0.4 − 0.6. Following §3, only clusters with luminosities in the range 3 × 10 43 < L X < 15 × 10 45 erg s −1 are included. Values for ϕ(P 1.4 ) are shown only for powers above a threshold corresponding to the flux limit of 3 mJy for the redshifts z = 0.1, 0.2, 0.4, and 0.6. The distribution, ϕ(P 1.4 ), increases with redshift, evolving more significantly at the higher power end, consistent with previous findings (e.g., Galametz et al. 2009; Hart et al. 2011) . Closely related to ϕ(P 1.4 ), we define φ(P jet ), the number of radio jets per cluster per unit log P jet , by replacing the radio power P 1.4 in Equation (3) with P jet calculated from Equation (1),
The cumulative jet power per cluster from jets more powerful than P lim jet is then
This is plotted as a function of P lim jet in four redshift ranges in the right panel of Figure 7 . Here and earlier in Equation (3), d log P is calculated as the Voronoi interval for the power of each radio source, although, for ϕ(P 1.4 ), the data are binned in P 1.4 . Values are plotted only for P lim jet above a lower limit corresponding to the radio flux limit of 3 mJy for the different redshift ranges.
Correcting for the Radio Flux Limit
A fair comparison of the average P jet per cluster for different redshifts requires that we use the same value of P lim jet . For the whole sample, that would limit us to using the jet power corresponding to the radio power cutoff for z = 0.6. This is very restrictive and it would mean discounting the power input of many less powerful radio sources seen at lower redshifts. Alternatively, we can estimate the average jet power for smaller values of P lim jet by applying a correction factor w, calculated from the form of Φ z at lower redshifts, on the assumption that the shape of Φ z (P lim jet ) does not evolve with z. This assumption is supported by studies of the evolution of the radio luminosity function in, e.g., Clewley & Jarvis (2004) , Sadler et al. (2007) , Sommer et al. (2011), and Simpson et al. (2012) , which find mild evolution of radio galaxies with P 1.4 < 10 41 erg/s. It gives the correction factor
whereP lim jet (z) is the lower limit on the jet power for redshift z, which is obtained by inserting the radio power corresponding to the flux limit of 3 mJy at redshift z into Equation (1). The cumulative jet power, Φ z0 , used for reference here is that for the redshift range of 0.05 < z < 0.1. For example, for the redshift bin 0.4 < z < 0.6 the correction factor is w(z ≃ 0.5) = 1.6, calculated forP lim jet (z) = 2.4 × 10 44 erg s −1 and P lim jet (z 0 ) = 8.6 × 10 42 erg s −1 . The correction factor, w(z), is used in the calculation of the average jet powers below.
AVERAGE JET POWER
The average jet powers, P jet , shown in the upper panel of Figure 8 were estimated using a Monte Carlo method that accounts for the uncertainties in the radio fluxes and the parameters in Equation (1), the distribution of radio spectral indices, and the large intrinsic scatter (σ 1.4 ) in the relation of Equation (1). Note that the log of the arithmetic mean of P jet for a lognormal distribution is greater than the "mean" of its log that is given by Equation (1). For each range of L X , the redshift bins of Figure 1 are chosen to distribute the clusters evenly between the bins. First, P jet is calculated for each bin in Figure 1 , then this is integrated over time for a given range of L X to give the time averaged mean jet power
where t zi is the time interval for redshift bin i and w zi is the correction factor calculated from Equation (6). The full redshift range is 0.1 to 0.4 for the lowest range of L X and 0.1 to 0.6 for the remainder. In the bins for each range of L X , the evolution of P jet seen in the right panel of Figure 7 is overwhelmed by the large uncertainties, particularly from the scatter in the relation of Equation (1). Because of this, possible differences between the serendipitous and all-sky surveys discussed in §5 are a minor issue. In MMN11, we concluded that P jet shows no significant dependence on L X . However, the limited sample size prevented isolation of L X from the redshift, because the most luminous clusters in the 400SD sample are at higher redshifts. Using the larger cluster sample here, we can break this degeneracy and estimate the P jet for clusters with different X-ray luminosities over the redshift range 0.1 < z < 0.6 and the -Left: Mean number of radio sources per cluster, per log P 1.4 as a function of NVSS radio power, P 1.4 . Right: Cumulative jet power per cluster for radio jets more powerful than P jet . Details are given in §6. Both functions are calculated for the four redshift ranges listed in the legend of the left panel.
upper panel of Figure 8 shows that the mild increase of P jet with X-ray luminosity is not significant, consistent with other findings (Gaspari et al. 2011; Antognini et al. 2012) . Since P jet is similar for all clusters, regardless of their X-ray luminosities, the energy input per particle from AGN is larger in less massive clusters (see also Best et al. 2007; Giodini et al. 2010, MMN11) .
Using the L X -M 500 relation of Vikhlinin et al. (2009) and a gas mass fraction of 0.12, we can estimate the average gas mass within R 500 , M gas , for each luminosity range in the upper panel of Figure 8 . Integrating the jet power over time (cf. Equation 7), gives the mean energy injected into clusters by radio AGN. Therefore, the mean total energy per particle injected by the radio sources is
where µ = 0.59 is the mean molecular weight, m p is the proton mass and t z,int = i t zi . Here, the integration time is limited to correspond to the redshift ranges for the sample bins. In principle, the energy injected by the radio sources should be traced back to the time when BCGs formed (z ∼ 2, e.g., van Dokkum & Franx 2001) . Even with no AGN evolution, extending the integration back to z = 2 boosts the energy injected per particle substantially (red arrows in Figure 8) over the values for the redshift range of the sample (small dots). This estimate is conservative, because AGN are more active in the past (e.g., Galametz et al. 2009; Martini et al. 2009 ) and the clusters have assembled from smaller systems that may well have contained more than one BCG. To allow for the evolution of the P jet Equation (8) can be generalized to
where we assume that M gas does not depend on the time. The evolution of the cumulative P jet (Figure 7 right) is modeled using a simple linear function,
where the parameters (A, B) are fitted to Φ z(t) (P jet ) from Equation (5) for z(t) = [0.15, 0.3, 0.5], and P jet = 3 × 10 44 erg s −1 . This model raises the total energy input by another factor of 50% (blue arrows in Figure 8 ). Note that our linear evolution model neglects the uncertainty in the correlation.
We discuss the interpretation of Figure 8 in the next section, §8. In short, the average AGN energy input to the clusters with luminosities of 0.3 < L X (10 44 erg s −1 ) < 1.0 can reach 1.3 -2 keV/particle for ICM within R 500 , depending on the details of AGN evolution. For the most massive clusters, with X-ray luminosities of L X > 10 45 erg s −1 , the average AGN input energy is also significant, at 0.2 to 0.3 keV/particle. Note that the energy input of the single AGN outburst in the MS0735+7421 cluster is ∼ 0.25 keV per particle within the central 1 Mpc (Gitti et al. 2007) . It is therefore plausible that a single, powerful AGN outburst can rival the integrated AGN energy input over time.
8. DISCUSSION
AGN Energy Input
A few points need to be addressed regarding the results in Figure 8 . First, the average jet powers are affected disproportionately by the most powerful radio sources, which are the least likely to be background sources. As shown in the lower panel of Figure 8 , the average AGN energy deposited per particle for X-ray luminous clusters would be boosted by a factor of two assuming the scaling relation Equation (1) holds for the few sources with P 1.4 > 10 42 erg s −1 . This would imply that a single, powerful radio AGN can be as important to heating atmospheres as the integrated power output of radio sources over time. As discussed in section 3.2, Equation (1) may be overestimating the P jet for the few powerful sources with P 1.4 > 10 42 erg s −1 in Figure 2 . The saturated scaling relation gives average jet powers including all radio sources (diamonds) that differ little from those obtained when the powerful radio sources are excluded (circles). If the scaling relation does saturate, the small offsets between the spheres and diamonds in the lower panel of Figure 8 show that excluding the most powerful sources makes little difference to the mean jet power estimates.
On the other hand, our assumption that the cluster masses (M 500 ) remain constant for the calculation of the mean energy injected per particle fails to consider the hierarchical assembly of clusters. Allowing for cluster growth, Hart et al. (2011) demonstrated that jet power from central radio AGN in clusters could increase by a factor of 10 per particle from z = 0.2 back to 1.1. At earlier times, AGN jets are more powerful and cluster progenitors are less massive. The long term effect of preheating of these early radio AGN should be considered (e.g. Rawlings & Jarvis 2004; Shabala et al. 2011 ). Therefore, the energy from radio jets accumulates more quickly per ICM particle in the building blocks of present day clusters. As less massive clusters assemble to form more massive ones, most of the excess energy is preserved. By ignoring this effect, we have certainly underestimated the total AGN energy accumulated in the ICM of massive clusters over their histories. One effect that might counteract this is that radio jets could break out of the atmospheres of less massive halos (e.g., the poorly confined sample of Cavagnolo et al. 2010) , allowing some jet energy to escape. However, the huge mass of gas that will form the atmosphere of an incipient cluster is present from the outset and very few jets can escape from Figure 1 . For each range of L X , darker shades of gray correspond to lower redshift bins. The red points with uncertainties are time averaged values, P jet int , for the same ranges of L X as the gray points. The number of clusters hosting NVSS sources and the total numbers of clusters is given at the bottom of the panel for each range of L X . Lower panel: Average AGN energy injected per particle. The filled circles with error bars give the average energy per particle injected by radio jets, integrated over the redshift ranges marked in Figure 1 . Jet powers are calculated from Equation (1), excluding the most powerful radio sources with P 1.4 ≥ 10 42 erg s −1 . The impact of the jets is extrapolated to z = 2 using two models: constant mean jet power (red arrows) and the linear evolution of P jet discussed in §6 (blue arrows). The effect of including P jet for the most powerful radio sources is also shown, calculated using the saturated scaling relation as diamonds and the scaling relation of Equation (1) as triangles.
that. Jet energy escaping from a smaller atmosphere will be deposited in surrounding gas that is fated to collapse into the cluster. Unless the energy deposited by a jet is sufficient to unbind this gas from the cluster, it inevitably collapses into the cluster at some later time, carrying the excess energy along with it (apart from energy lost to radiation).
Our calculations ignore energy lost from the ICM by X-ray radiation. If we are interested in the net energy gain from radio jets, this must be taken into account. On the face of it, the upper panel of Figure 8 shows that the X-ray power radiated by the clusters in our sample exceeds the average power input from the central AGN for L X 3 × 10 44 erg s −1 . Our estimates of the mean jet power are conservative and only include central radio sources (projected within 250 kpc), when other radio sources may augment the total energy input significantly (Stocke et al. 2009 ). Nevertheless, it is likely that the ICM of the most luminous clusters suffers a net energy loss. It should be borne in mind that most of the X-ray power radiated by the great majority of clusters does not originate from a cooling core. Outside cooling cores it will take a very long time for the energy loss to have any noticeable impact. Central cooling times are available in the ACCEPT database (Cavagnolo et al. 2009 ) for only 110 members of our sample, leaving us poorly placed to examine the net effect of jets on cooling core clusters. Notably, Figure 8 shows that, even with our conservative estimates for the energy input from central radio jets, clusters less luminous than L X ≃ 3 × 10 44 erg s −1 see a net energy gain. Thus, energy injected by central radio AGN accumulates in lower mass clusters, so that the integrated energy gain shown in the lower panel of the figure is mostly retained in these systems and has a significant impact on the ICM.
As discussed in §5, our sample shows increases in the fraction of clusters with central radio AGN for increases in both the X-ray luminosity and the redshift ( Figure 5 ). It is, therefore, surprising that we do not see a more pronounced increase in the mean jet power with X-ray luminosity in the upper panel of Figure 8 . The primary cause of this is the large scatter introduced by using Equation (1) to convert radio powers to jet powers. There is good reason to believe that mean jet powers do increase with cluster luminosities (e.g., Bîrzan et al. 2004; Rafferty et al. 2006; Sun 2009 , but see Antognini et al. (2012) , Lin & Mohr (2007) ). However, the modest increase is buried by the scatter in the P 1.4 − P jet relation. It is clearly desirable to find a more accurate way to estimate jet powers.
Supermassive Black Hole Growth
The integrated power output from radio-AGN at the centers of clusters over the past ≃ 10 Gyr implies substantial supermassive black hole growth. We have estimated the accreted mass required to fuel AGN from the integrated AGN power output over time. We assume a conversion efficiency between accreted mass and mechanical jet power of η = 0.1, where P jet = ηṀ c 2 , and we ignore radiation loses. We note that, although η = 0.1 is commonly used in literature, the distribution of η is an open issue (for a more detailed discussion, see Martínez-Sansigre & Rawlings 2011) . In some accretion models (e.g. Benson & Babul 2009 ), η approaches unity at high black hole spin. However, many estimates of η (e.g. Churazov et al. 2005; Merloni & Heinz 2008; Gaspari et al. 2012 ) suggest a small η, with η = 0.1 near the upper limit of reasonable values for the jet efficiency. If the average efficiency is lower, the nuclear black holes need to grow even more to power these radio sources. Integrating the AGN mechanical energies shown in the bottom panel of Figure 8 over 5.7 Gyr (z = 0.6) gives an average accreted mass of 2 − 5 × 10 8 M ⊙ per supermassive black hole. Extrapolating back to z = 2.0 over a look-back time of about 10.5 Gyr, and assuming the modestly rising AGN power discussed earlier, implies an average increase of 6 − 14 × 10 8 M ⊙ per supermassive black hole. Note that, in hierarchically assembling clusters, this mass may be distributed among several black holes. These values are comparable to the black hole masses of BCGs inferred from black hole scaling relations (e.g. Lauer et al. 2007) , which are thought to have been imprinted during the quasar era. Our result implies that normal AGN maintained over time by hot atmospheres may be as important to supermassive black hole growth in BCGs as earlier and, presumably, much more rapid formation processes (see the review in Merloni & Heinz 2012) . It is conceivable that normal radio-AGN activity may give rise to black hole masses in excess of the mass expected from the M BH -σ relation for BCGs (Lauer et al. 2007 ). Furthermore, if η indeed lie well below 0.1, the inferred black hole growth rates may be even larger, leading to the possibility of growing ultramassive black holes in BCGs (e.g., McNamara et al. 2009; Hlavacek-Larrondo et al. 2012b ).
SUMMARY
We have combined eight surveys of X-ray clusters to compile a composite sample with 1032 clusters located in the area covered by the NVSS. For each NVSS radio source projected within 250 kpc of a cluster center, we have estimated the mechanical power of its radio jet using the scaling relation, Equation (1), from Cavagnolo et al. (2010) . The jet power is weakly correlated with the X-ray luminosity of a hosting cluster, but the most powerful radio sources, with P 1.4 > 1.4 × 10 42 erg s −1 , are all located in massive, cooling core clusters. The correlation is stronger if only the strong cooling core clusters with t cool < 1 Gyr are considered. We have also examined the distribution of radio source powers in cooling and non-cooling core clusters, using values of t cool from the ACCEPT project (Cavagnolo et al. 2009 ). Based on the modest number of our sample clusters in the ACCEPT database, radio sources in non-cooling core clusters are, in general, as powerful as those in cooling core clusters, except that the most powerful sources mostly appear in cooling cores.
We have examined both the average radio power of clusters and the fraction of clusters with radio sources. The cluster sample is large enough to separate the dependence of the radio source fraction on redshift and cluster X-ray luminosity and we find that it increases moderately with both. The average power is also larger in more massive clusters and at higher redshifts.
Finally, we have calculated the average AGN jet power using the scaling relation in Equation (1) (Cavagnolo et al. 2010 ). This overestimates P jet for the few powerful radio sources in our sample with P 1.4 ≥ 10 42 erg s −1 , so that the average jet power would be dominated by these extremely powerful sources. Two approaches were used to solve this problem. In the first approach, the most powerful sources were simply excluded from the calculations, giving a lower limit on the average jet power. In the second approach, P jet for the powerful radio sources was determined using a saturated version of the scaling relation, with the saturation level set empirically and saturated jet power based on the cavity powers of the five most powerful sources in our sample. The average jet powers determined using these two approaches are similar. In the upper panel of Figure 8 , the average jet power is plotted against the cluster X-ray luminosity. Although the average jet power for the most luminous clusters is higher than for less luminous clusters, large uncertainties in their estimation make the differences insignificant. In general, the average jet power exceeds 3 × 10 44 erg s −1 even in the least luminous clusters, with 0.3 < L X < 1 × 10 44 erg s −1 . Thus, the average jet power exceeds the radiation output of the least massive sample clusters by an order of magnitude.
The average jet power was integrated to redshift z = 2.0 using two simple evolutionary models for the radio sources. For the first model, the radio power was taken to be constant and then the average AGN energy injected by jets exceeds 1 keV per particle in the least luminous clusters, with 0.3 < L X < 1 × 10 44 erg s −1 , and ≃ 0.2 keV per particle in the most luminous clusters, with L X > 10 45 erg s −1 . Here, the number of gas particles was calculated using the gas mass within R 500 , determined from the L X −M 500 relation. For the second model, the average jet power was taken to be a linear function of the cosmic time and then, integrating to z = 2.0, the AGN energy input amounts to ≃ 2 keV per particle for clusters with 0.3 < L X < 1 × 10 44 erg s −1 and ≃ 0.3 keV per particle for clusters with L X > 10 45 erg s −1 . Existing X-ray data for our sample are inadequate to distinguish the energy radiated by gas that would be significantly affected by radiative cooling. However, the total radiation output of the less massive clusters is small compared to the energy input from AGN. If the energy injected by AGN is stored in these systems, we estimate that the AGN energy injected since z = 2.0 is significant for preheating of clusters. If so, rather than preheating, the effect of the AGN would be better described as "continual heating." In carrying out these calculations, we have ignored the hierarchical assembly of clusters by assuming that the cluster masses are fixed. Since massive clusters assembled from less massive clusters, where the jet power per particle is larger, we expect that our estimates of the total AGN energy accumulated in massive clusters are low. We conclude that continual AGN energy input in the "radio mode" could well provide > 1 keV per particle in less massive clusters, which approaches the excess energy required to account for observed departures from the self-similar scaling relations that would be expected otherwise (Wu et al. 2000) .
Lastly, we have estimated the mass that was accreted by supermassive black holes in BCGs to fuel their radio AGN and power their jets. Assuming that the jet power is related to the accretion rate by P jet = 0.1Ṁ c 2 , for a typical BCG in our sample, the nuclear black hole would have grown by about 10 9 M ⊙ since z = 2. This is comparable to black hole masses for BCGs estimated by Lauer et al. (2007) , implying that that the fueling of radio AGN at the centers of hot atmospheres may be as significant as the earlier quasar era for the growth of supermassive black holes in BCGs.
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